Introduction
Skeletal quantitative ultrasound is an set of ultrasonic techniques and methods used for assessing the quality of bone and prediction of bone fractures, [9, 19, 24] . Its main advantage is the complete absence of ionizing radiation, while a disadvantage is the confounding influence of soft tissue. In last two decades many studies examined relevance of QUS in context of early detection of osteoporosis, [7, 10, 11, 12, 13, 14, 17, 18, 21, 23] . Compared to reference x-ray absorptiometry techniques, which measure the amount of bone mineral content, it is regarded that ultrasound (being elastic wave) is sensitive not only to bone mass but also to structural and material properties of the material.
Skeletal quantitative ultrasound has been proposed as a competitor of DXA since its introduction by Langton back in 1980's, [10] . It was empirically observed that QUS of the heel bone predicted well hip fractures, as effectively than but not consistently with DXA, [9] . Number of these devices thus rapidly became approved for clinical use. Despite many clinical successes of bone QUS in the initial phase, till now the basic physics underlying the wave propagation in cancellous bone is not fully elucidated yet. Considering cancellous bone (also called tra- The principal aim of the paper is to examine the contribution of the properties of the solid and pore fluid to velocity dispersion and absorption mechanisms in cancellous bone and verify the suitability of the developed Biot theory for modeling ultrasonic wave propagation in the material.
Modeling
Despite the relatively large number of multidisciplinary approaches reported so far, the potential of ultrasound techniques is not fully exploited yet because of misunderstanding of basic physical mechanisms implied in the interaction between the ultrasound and trabecular bone structure. Therefore, currently one of the important issues is to develop a comprehensive theoretical model, which in long-term perspective will be helpful in solving the in- Biot, [2, 3] and extended by the other authors, [14, 15, 16] is used.
Accordingly to the Biot, [2] , the linearized two-phase model of wave propagation in the fluid saturated porous medium can be based on the two equations of linear momentum for the solid and fluid phases: 
where
are the dilatations, while s , f are the strain tensors of solid and fluid, respectively. The elasticity constants A, N , Q, R can be related to physically well defined and measurable parameters of the porous medium: the porosity (φ), the bulk modulus of the solid material (K s ) and fluid (K f ) and the bulk modulus of the drained skeleton (K b ). These constants are given by the following formulas, [1] :
The form of interaction forces proposed by Biot, [2] and defined by relation (Eq. 1) include viscous and dynamic couplings, proportional to relative velocities and relative accelerations of phases, respectively:
where η is the viscosity of fluid, κ and α o are the parameters describing structure of the porous material called permeability and tortuosity.
Currently no consensus has been reached among the researchers working in the field about the relevance of Biot's theory for modeling of wave propagation in cancellous bone. A reasonable agreement between Biot's theory and experiments has consistently been obtained when the phase velocity was considered, [11, 12, 19, 21, 23, 24] .
However, in the case of attenuation, significant discrepancies were observed between predictions reported by different authors, [7, 16, 24] . attenuation and that the wave energy is presumably reduced by the properties of the skeleton, [18, 21] . In particular, the "elastic" Biot's model predict that attenuation coefficient differs three order of magnitude for water and marrow saturated specimens, while in experiments wave attenuation for the specimens filled with these fluids is practically the same, [18] . modulus, [5, 8, 22] :
where Q f is the quality factor and j = √ −1. As a consequence, following Biot Correspondence Principle, the macroscopic elasticity constants N , A, Q, R, in equation The specimens were cut perpendicularly to the long femur axis using a circular precision diamond saw. The final size of the specimens depended on the anatomical size of each femur, but typically dimensions did not exceed 65×65×15 mm (Fig. 1) . After the initial measurements performed on marrow-saturated specimens, all the specimens were defatted by supercritical carbon dioxide following the procedure described elsewhere, [20] . Then defeated specimens were water and alcohol saturated and remeasured using the same method end experimental protocol as a marrow filled cancellous bone specimens.
Method
Ultrasonic measurements were performed in immersion using the insertion method described in detail elsewhere [6, 18] . Briefly, the wave parameters (phase velocity and attenuation coefficient as a function of frequency) were computed from the ratio of the spectrum of the broadband pulse transmitted through the specimen to the spectrum of the reference pulse recorded when there is no specimen between the transducer and receiver. Experiments were done using three pairs of custom-made 10 mm-diameter unfocused ultrasonic transducers with center frequencies of 0.5, 1, and 2 MHz (Optel, Wroclaw, Poland). During all experiments, the distance between transducers was maintained constant, while the specimen was positioned approximately at mid distance between the transmitter and the receiver. 
Results
In Figure 3 However, an open question is which physical mechanism, within cancellous bone skeleton leads to wave attenuation. In the present paper the loss of wave energy was accounted for assuming viscoelastic behavior of solid phase. Thus, the further experimental studies are necessary toward identification the underlying processes of the attenuation of ultrasonic waves.
In the future application of ultrasonic resonant spectroscopy is planed to identify viscoelastic properties of skeleton.
